It is an open question whether cognitive processes of auditory perception that are mediated by functionally different cortices exhibit the same sensitivity to sedation. The auditory event-related potentials P1, mismatch negativity (MMN), and early right anterior negativity (ERAN) originate from different cortical areas and reflect different stages of auditory processing. The P1 originates mainly from the primary auditory cortex. The MMN is generated in or in the close vicinity of the primary auditory cortex but is also dependent on frontal sources. The ERAN mainly originates from frontal generators. The purpose of the study was to investigate the effects of increasing propofol sedation on different stages of auditory processing as reflected in P1, MMN, and ERAN.
RECENT findings indicate that cognitive processes mediated by functionally different cortices (e.g., association cortex vs. primary sensory cortex) are differentially affected by anesthetic drugs. [1] [2] [3] [4] Nevertheless, investigations related to these phenomena are sparse, and it is an open question whether anesthesia has different effects on primary auditory processes and auditory processes that involve other than auditory cortices. Therefore, the current study investigates auditory event-related brain potentials (AERPs) during systematic sedation. The recorded AERPs reflect well-defined processing stages of the acoustic input that are mediated by different cortical structures.
The P1, the frequency mismatch negativity (MMN), and the early right anterior negativity (ERAN) are AERPs that can be recorded even in the absence of attention, [5] [6] [7] [8] which is a prerequisite to assess effects of anesthesia. The P1 reflects sensory encoding of auditory stimulus attributes. 5, 9 The frequency MMN mainly reflects auditory sensory memory operations. It is elicited by deviant auditory stimuli in a series of standard stimuli. 5, 6 The ERAN can be elicited by music syntactic violations, that is, violations of regularities of a culture's musical repertoire. 10 Therefore, ERAN and MMN reflect higher cognitive operations than the neural processes reflected in the P1.
The P1 is generated within or in the close vicinity of the primary auditory cortex 11 (located in the temporal lobe), whereas the MMN receives its main contributions also from the primary and periprimary auditory cortical regions but is also dependent on activity of the frontal cortices. [12] [13] [14] [15] The ERAN has been reported to be generated mainly in the frontal cortical areas. 16 Therefore, similar effects of gradually progressing propofol sedation on the three AERPs indicate that the frontal and auditory cortices are affected similarly by propofol, whereas different effects on the three AERPs indicate that the frontal and auditory cortices are affected differently.
The Bispectral Index (BIS) is increasingly used to monitor depth of anesthesia. Investigations of relations between the BIS and the changes in late AERPs (latencies Ͼ 80 ms) with increasing propofol sedation have not been reported. They may reveal the BIS values at which distinct cognitive processes (e.g., auditory memory, sound identification, language comprehension) collapse. Such information may help to avoid intraoperative awareness. Previous studies related to this phenomenon indicate that even accurate language processing was unaffected in the majority of patients who reported intraoperative auditory perceptions. 17 With this respect, the approach of investigating music syntactic processing during sedation seems intriguing because language and music are assumed to be processed in overlapping cerebral networks. 18 -20 Therefore, music experiments may also help to reveal at which anesthetic depth language functions collapse. The current study investigates P1, MMN, and ERAN during progressive propofol sedation while simultaneously recording the BIS. Stronger effects of propofol on the ERAN than on the MMN were expected because the ERAN mainly originates from frontal cortices that mediate the complex processing of (musical) structure, whereas the MMN originates mainly from the auditory cortex (although along with contributions from the frontal cortical structures). In contrast to the MMN and the ERAN, we expected the P1 to be less affected by propofol sedation because the P1 originates from primary auditory cortical regions and reflects more basic auditory processes.
Materials and Methods

Subjects
Eighteen patients (age, 18 -48 yr; mean age, 30.4 yr; six female) with American Society of Anesthesiologists physical status I or II who were scheduled to undergo elective arthroscopic surgery participated in the study. Exclusion criteria included a history of deafness, obesity, hiatus hernia, or psychiatric disorder. All subjects were nonmusicians (they had never learned a musical instrument and had no special musical education besides typical school education). The study was approved by the local ethics committee of the Medical Faculty, University of Leipzig (Leipzig, Germany). Written informed consent was obtained from each subject on the day before the measurement.
Experimental Design and Procedure
Anesthesia. The experiment took place directly before the planned operation, outside the operating room in a comfortable environment. The amount of background noise was kept to a minimum, and the lights were dimmed. No sedative or other premedication was applied. On arrival in the preanesthetic care unit, the patients were routinely prepared for anesthesia. An intravenous catheter was placed into a forearm vein for drug administration. The electrocardiogram and arterial oxygen saturation were continuously monitored during the entire experiment, and noninvasive blood pressure was recorded every 5 min. Participants breathed air throughout the study. If necessary, upper airway obstruction was relieved by gentle skin support. Participants were instructed to relax and to keep their eyes closed during the entire experimental session.
Auditory event-related potentials were recorded during four different levels of anesthesia. The order of these levels was fixed. By means of target-controlled infusion of propofol (Disoprifusor ® ; Becton Dickinson Infusion Systems, Brezins, France), the following blood plasma levels were targeted: level A (awake, 0 g/ml), level B (light sedation, 0.5 g/ml), level C (deep sedation, 1.5 g/ml), and level D (unconsciousness, 2.5-3.0 g/ ml). The AERP recording during each level started 8 min after the concentration of propofol was increased. This time delay is necessary for the equilibration between the targeted plasma concentration of propofol and the effect site concentration of propofol (i.e., the concentration of propofol in the brain). 21 In addition, the effect of propofol was evaluated on-line using the Bispectral Index ® monitor (A-2000 BIS ® monitor, system version 2.10, BIS algorithm 3.4; Aspect Medical Systems, Natick, MA). This procedure guaranteed that AERP recording was started only if sedation was sufficiently deepened at a stable anesthetic level.
BIS values were recorded for analysis at 3, 6, 9, 12, and 15 min after starting the experiment during each level. A clinical assessment of anesthesia was obtained by verbal communication and tactile stimulation at the end of each level. After the experiment was finished, the patient was moved into the operating room and prepared for surgery.
Stimuli. Two blocks were presented during each level of sedation: a block with musical stimuli (ERAN block) and an auditory oddball paradigm suited to elicit the frequency MMN (MMN block). Each level of sedation had a duration of 16:30 min. Synthesizer-generated stimuli (Roland JV2080; Roland Corporation, Hamamatsu, Japan) were presented via headphones. Each stimulus sequence during each experimental block (ERAN, MMN) consisted of five events (chords in the ERAN block and single tones in the MMN block; fig. 1 ). Stimulus sequences were presented in direct succession; there were no silent periods between events or sequences. All chords or tones had the same decay of loudness.
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ERAN Block. Stimuli were identical to those used in previous studies (see Koelsch et al., 7 Maess et al., 16 and Koelsch et al. 22 for detailed description). One hundred fig. 2 ). Because participants were lying in the supine position during the experiment, no electrodes were placed over parietal and occipital areas. The electrode sites measured are sufficient for a valid identification of P1, MMN, and ERAN, 6 -8 and no source localization by means of current source density analysis was intended. An electrode placed on the nose tip served as a reference, and the ground electrode was located on the chest. To control for artifacts caused by eye movements, vertical and horizontal electrooculograms were recorded bipolarly.
After the measurement, electroencephalograms were band-pass filtered (0.5-10 Hz, 1,001 points, finite impulse response). For artifact reduction, electroencephalographic data were rejected off-line from the raw electroencephalogram whenever the SD of the electroencephalographic signal recorded any electrode exceeded 50 V within a 200-ms or 600-ms gliding window (this procedure was applied for each electrode). Rejections were visually inspected and corrected (if necessary) by the first two authors.
Epochs (from Ϫ200 to 600 ms, with respect to stimulus onset) were averaged off-line from the artifact-reduced electroencephalographic data using a 200-ms prestimulus baseline. Then, the single-subject AERPs were grand averaged across all subjects for each condition. Grand-averaged AERPs were inspected visually for the presence of ERAN and MMN. On the basis of the literature, [5] [6] [7] differences between standard and deviant stimuli were only regarded as MMN or ERAN if they fulfilled the following criteria: (1) at frontal electrodes, the AERP of deviant stimuli had to be more negative than that of the standard stimuli; (2) at central electrodes, effects of deviants (compared with effects of standards) had to be less negative than at frontal electrodes (that is, both ERAN and MMN had to be smaller at the central electrode CZ than at the frontal electrode FZ); (3) at mastoid electrodes (electrode positions A1 and A2), effects had to invert polarity; and (4) maximum amplitude of effects had to be between 90 and 250 ms. Moreover, negative effects of Neapolitan chords at the fifth position in the ERAN block were only regarded as ERAN when effects were larger at the fifth than at the third position (proving that effects were not only elicited by the physically deviant out-of-key notes of Neapolitans).
Visual observations were tested statistically by computing the mean amplitudes at frontal electrodes (F3, FZ, F4) in time windows determined on the basis of visual inspection (time windows were centered around the maxima of effects) and previous studies 6, 10, 22 Neither MMN nor ERAN was observed at level D; however, for statistical purposes, a time window had to be chosen, and taking into account the prolongation of the latency of the AERPs during levels A-C, the time windows used for level D are the most reasonable ones. AERPs were statistically analyzed by repeated-measures analysis of variance (ANOVA) with four factors: level of sedation (A-D), stimulus type (ERAN, MMN), position within sequence (third vs. fifth), and deviance (deviant, standard).
Results
Physiologic Parameters and Depth of Anesthesia
The changes in the physiologic variables are shown in table 1. ANOVAs were conducted to reveal differences in heart rate, blood pressure, arterial oxygen saturation, and BIS values. The group average evaluation of the physiologic variables shows significant decreases in arterial oxygen saturation, systolic blood pressure, and mean blood pressure at level C (deep sedation) and level D (unconsciousness) compared with the awake state caused by propofol infusion (P Ͻ 0.05). Heart rate and diastolic blood pressure did not change significantly with increasing sedation.
The BIS value decreased significantly from level to level (P Ͻ 0.05). The average BIS value during wakefulness (level A) was 95.4 (SD, 2.95). During light propofol sedation (level B), most patients were slightly tired and more relaxed compared with during wakefulness. Normal verbal communication was always possible; the speech of the patients was unaffected. Two (of 18) patients fell into light sleep but were easily woken up at the end of the level. Four patients reported feeling unaffected by the drug. The mean of the recorded BIS values of level B (light sedation) was 87.6 (SD, 7.45). During deep sedation (level C), most of the patients seemed to be asleep. At the end of this level, 10 patients were difficult to wake up by verbal commands (i.e., they responded only after their name was called repeatedly with a loud voice), whereas 8 patients were immediately responsive. The speech of the patients was delayed and slurred. The mean BIS value of all patients was 72.1 (SD, 7.11). The immediately responsive patients at the end of level C had a mean BIS value of 76.5 (SD, 6.99), whereas the patients with delayed response were significantly more sedated (P Ͻ 0.05) as reflected by a lower mean BIS value of 69.3 (SD, 6.45). During drug-induced unconsciousness (level D), none of the patients showed any response to loud verbal commands or tactile stimulation. The mean BIS value of level D was 50.4 (SD, 6.74).
Event-related Potentials: P1
The P1s elicited by in-key chords and standard tones (from all positions of the stimulus sequences) are shown in figure 2. A clear P1 was observed at all levels of sedation. The P1 amplitudes were virtually identical during the awake state and sedation (levels A-C) but markedly reduced during unconsciousness (level D) ( fig. 2  and tables 2 and 3 ). An ANOVA with factor sedation (A-D) revealed an effect of propofol on the amplitude of the P1 (F 3.51 ϭ 6.98, P Ͻ 0.05). Further ANOVAs comparing the P1 amplitudes elicited during levels A and B, A and C, and B and C revealed no difference between the respective levels (P Ͼ 0.75 in each test). In contrast, ANOVAs comparing the P1s elicited during levels A and D, B and D, and C and D revealed significant effects (P Ͻ 0.008 in each test) indicating that the P1 elicited in an unconscious state (level D) differs from the P1 elicited during wakefulness and sedation (levels A-C). BIS ϭ Bispectral Index; BP ϭ blood pressure; HR ϭ heart rate; SaO 2 ϭ arterial oxygen saturation.
Event-related Potentials: MMN and ERAN
Both MMN and ERAN were significantly elicited during wakefulness, light sedation, and deep sedation (tables 2 and 3 and figs. 3 and 4): effects of the deviant stimuli (deviant tones and irregular chords) had a maximal amplitude with negative polarity at frontal electrode sites in the time range between 100 and 230 ms, a smaller (but still negative) amplitude over central electrodes, and a positive polarity potential ("polarity inversion") at mastoidal sites. Effects elicited by the music syntactic violations were significantly larger at the fifth than at the third position of the chord sequences (during levels A-C), Summary of analysis of variance (ANOVAs) testing amplitude differences of auditory event-related potentials (AERPs) elicited during the four levels of sedation (A ϭ awake; B ϭ light sedation; C ϭ deep sedation; D ϭ unconsciousness).
* Statistically significant.
ERAN ϭ early right anterior negativity; MMN ϭ mismatch negativity. indicating that these effects reflect the processing of music syntactic irregularities 10 (table 3; see also Materials and Methods, AERP Recording and Data Analysis, third paragraph, last sentence). No such amplitude variation between the third and fifth positions of a stimulus sequence was observed for the MMN.
From levels A to C, the amplitudes of both MMN and ERAN decreased with increasing propofol sedation (tables 2 and 3 and figs. 3 and 4); this amplitude decrease was similar for MMN and ERAN: in each level, the MMN had virtually the same amplitude as the ERAN elicited at the fifth position of the chord sequences. No ERAN was observed for harmonically irregular chords at the third position during level C (fig. 4) , most presumably because of the low signal-to-noise ratio (note that the amplitude of the ERAN at the third position is expected to be smaller than at the fifth position and that the ERAN is already clearly reduced at the fifth position). Neither
MMN nor ERAN was observed during unconsciousness (level D).
As mentioned above, the patients showed differences in their anesthetic depth at the end of level C (see Results, Physiologic Parameters, and Depth of Anesthesia, second paragraph). Visual inspection yields that MMN and ERAN were clearly visible in the group average data of patients who were immediately responsive, whereas MMN and ERAN were only marginally present in the group average data of patients who showed a delayed response. However, this difference was not statistically significant. Due to the low signal-to-noise ratio of the data in level C, further experiments are needed to clarify this issue in detail. Interestingly, during wakefulness (level A) and light sedation (level B), the MMN was followed by a significant P3a-like positive potential that was frontocentrally maximal and peaked around 280 ms ( fig. 3 ). Light sedation did not affect the amplitude of the P3a (P Ͼ 0.95; tables 2 and 3). In contrast, no P3a was observed in levels C or D or in any ERAN block.
To test MMN and ERAN amplitudes statistically, a global ANOVA with the factors deviance (deviant, standard), sedation (all levels, A-D), and stimulus type (tones, music) was conducted. Results indicated an effect of deviance (F 1,17 ϭ 43.96, P Ͻ 0.0001, reflecting that the AERPs elicited by the deviant stimuli differed from those elicited by standards), an effect of sedation (F 3,51 ϭ 7.30, P Ͻ 0.01, reflecting that the brain potentials were affected by sedation), and an interaction between the factors deviance and sedation (F 3,51 ϭ 27.98, P Ͻ 0.0001, reflecting that MMN and ERAN decreased in amplitude with increasing propofol sedation), but no three-way interaction (P Ͼ 0.95, reflecting that the amplitude decrease did not differ between MMN and ERAN). To ensure that the interaction between the factors deviance and sedation was not only due to the strong decrease of MMN and ERAN in level D, an analogous ANOVA was computed only for the data of levels A-C; again, a strong interaction between the factors deviance and sedation was indicated (F 2,34 ϭ 22.14, P Ͻ 0.0002). To further investigate the amplitude decrease of ERAN and MMN, separate ANOVAs for the data of levels A and B, A and C, and B and C (all ANOVAs with the factors deviance, sedation, and stimulus type, as above) were conducted. A comparison of levels A versus B did not indicate an interaction between the factors deviance and sedation (P ϭ 0.14, reflecting that the amplitude decrease of MMN and ERAN between levels A and B was fairly small). In contrast, comparisons of levels A versus C and B versus C revealed clear interactions between the two factors (P Ͻ 0.005 in each test), indicating a significant amplitude decrease from level B to C. No three-way interaction was indicated in any ANOVA (P Ͼ 0.4 in each test), reflecting that the effects of increasing propofol sedation did not differ between MMN and ERAN. Visual inspection yields that the latencies of P1, MMN, and ERAN increase with increasing sedation (table 3) . This observation was not statistically tested because progressing sedation resulted in a decrease of the signal-tonoise ratio; given the number of trials per condition, peak latencies in individual subjects could therefore not reliably be determined.
Discussion
During the awake state, both stimulus types (tones and chords) elicited distinct AERP effects compared with standard tones: frequency deviants elicited an MMN, and harmonically irregular chords (compared to regular chords) elicited an ERAN. Both MMN and ERAN were elicited during levels of light and deep sedation; the amplitude decreases during increasing propofol sedation did not differ between MMN and ERAN. Both components disappeared during unconsciousness. This finding indicates (1) that the mechanisms underlying physical and music syntactic auditory irregularity detection function even under deep sedation (supporting the hypothesis that the ERAN can be elicited preattentively 7, 10 ) and (2) that these processes are uniformly affected by increasing propofol sedation.
In contrast, the amplitude of the P1 did not differ between wakefulness and sedation, and the P1 was present (but markedly reduced) during unconsciousness, indicating that MMN and ERAN are affected differently by sedation compared with the P1. The behavior of the P1 amplitude (unaffected by sedation but markedly decreased during unconsciousness) indicates that the P1, in contrast with MMN and ERAN, may discriminate drug-induced sedation from adequate anesthesia. Our results concur with those of previous studies investigating dose-dependent effects of increasing anesthesia on midlatency auditory evoked potentials (MLAEPs): marked changes in MLAEPs have been demonstrated for propofol concentrations causing unconsciousness, 23, 24 whereas only little is known about the effects of sedative propofol concentrations on MLAEP components. MLAEP recordings during anesthesia with volatile anesthetics showed that sedative drug concentrations did not affect the P1. 25, 26 Moreover, intraoperative AERP recordings with electrodes implanted in the Heschl gyrus demonstrated only weak effects of even deep anesthesia on early cortical responses to auditory stimuli. 27 Therefore, the observation that the amplitude of the P1 remains stable during sedation supports the assumption that significant changes in MLAEPs occur only at concentrations causing unconsciousness, whereas late cortical responses are already affected by sedative drug concentrations. 28 -31 In contrast to the virtually unchanged P1, both MMN and ERAN were affected by sedation. We expected the strongest effect of sedation on the ERAN because the ERAN (in contrast with the P1 and the MMN; see introduction, third paragraph) originates mainly from the frontal (inferior frontolateral) cortex. 16 Contradicting our initial hypothesis, MMN and ERAN are uniformly affected by propofol, supporting the notion of the importance of the frontal cortex in the generation of the MMN: although the MMN mainly originates from the temporal lobe, frontal contributions have been reported. 12, 14, 32, 33 Moreover, lesions of the (anterior) frontal cortex 13, 34 as well as anterior frontal cortex deactivation during physiologic sleep 35 cause an attenuation of the MMN.
The frontal cortex plays a crucial role in higher-level cognition (e.g., language perception, memory, attention, behavioral inhibition, [pre]motor functions). That propofol differentially affects the investigated AERP amplitudes shows that cognitive functions that are strongly dependent on neural mechanisms located in the frontal cortex (reflected in ERAN and MMN) are affected even by light propofol sedation, whereas basic cognitive functions located in the primary auditory cortex (reflected in the P1) remain unaffected even under deep sedation. This finding strongly suggests that the cerebral cortex is not globally affected by propofol sedation but that propofol has different effects on different cortical structures. This assumption is corroborated (1) by recent findings showing that low doses of propofol exhibit cognitive effects by preferential decreases of cerebral blood flow in the anterior frontal cortex 4 and (2) by our finding that a P3a was present only during wakefulness and light sedation. The generation of the P3a involves more cognitive processes than the MMN (a P3a after an MMN is thought to reflect an involuntary shift of attention 8 ), and it is assumed that the generation of the P3a is strongly dependent on neural sources located in the frontal cortex. 8 Our data indicate a breakdown of cognitive processes that involve the frontal cortex at BIS values between 70 and 50. With respect to the data analysis of the behaviorally different subgroups during deep sedation (the subgroup with a mean BIS value of 69.6 showed only a marginally present MMN and ERAN; see Results, Eventrelated Potentials: MMN and ERAN, third paragraph), it is well possible that auditory memory processes and processes of music syntactic analysis (as well as language processing; see introduction, fourth paragraph, sixth sentence) collapse at a BIS value just below 70. This idea is supported by studies demonstrating a lack of recall and a loss of responsiveness at BIS values around 70. 36 -39 However, further investigations are necessary to reveal the exact BIS value at which MMN and ERAN (respective auditory sensory memory operations and musical processing) collapse.
Sedation in spontaneously breathing patients is usually accompanied by an increase in arterial carbon dioxide concentration, which could have affected our results. Increased arterial carbon dioxide tension (PaCO 2 ) values are associated with an altered electrical activity of the brain. Moreover, they are assumed to adversely affect the cognitive performance. However, the increase in PaCO 2 caused by propofol in our study should be small. Sedative propofol concentrations have been reported to cause increases in PaCO 2 of approximately 5 mmHg during spontaneous respiration. 3 Such modest increases in PaCO 2 affect neither latency nor amplitude of cortical AERPs.
40
Propofol-induced unconsciousness abolished the MMN and the ERAN and caused a clear reduction of the P1 amplitude, indicating that processes in and in the vicinity of the primary auditory cortex were markedly affected at BIS values around 50. This finding is of clinical relevance because it gives electrophysiologic evidence for the assumption that BIS values between 40 and 60 are associated with loss of auditory perception. 36, 37 In conclusion, the behavior of the investigated AERPs indicates sequential, concentration-dependent effects of propofol on auditory functions. Sedative concentrations first affect auditory change detection processes that involve frontal cortices, whereas processes merely involving the primary auditory cortex are only affected by propofol concentrations causing unconsciousness. Physical and music syntactic auditory irregularity detection processes are similarly affected by increasing propofol doses but can be observed even under deep sedation. The alterations in the recorded AERPs were accompanied by specific changes in the behavioral state. Auditory sensory memory operations and music syntactic processing (and, therefore, presumably also language processing) collapse at the same time, at which loss of responsiveness was observed. At BIS values reflecting adequate anesthesia, only residual signs of auditory perception were found in the primary auditory cortex. The findings strongly suggest that the cerebral cortex is not globally affected by propofol sedation but that propofol has dif-ferent effects on cognitive processes mediated by different cortical structures.
